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Noncontact Impedance Control
for Redundant Manipulators

Toshio Tsuji and Makoto Kaneko

Abstract—This paper proposes an impedance control method on a virtual task plane based on a hybrid control by using both
that can regulate a virtual impedance between a robot ma- the visual sensor information from a camera system and the
nipulator and external objects using visual information. The qint angular information from encoders attached at the joints

conventional impedance control method is not useful in some f1h inulator. H it d i trol the i d
cases where no interaction force between the arm and its en- OF IN€ Manipulator. However, it does not control the iImpedance

vironment exists, although it is one of the most effective control itself based on visual information.
methods for manipulators in contact with the environment. Using For impedance control using visual information, only a few

the proposed method, we can control the manipulator motion methods have been proposed thus far. &tail. [9] have pro-
based on the virtual impedance before contact with the objects. s 5 concept of virtual impedance for the motion planing of
The validity of the proposed method is verified through computer - . . . .
simulations and experiments using a direct-drive robot. multiple mobile robots. In this method, the virtual |mpedanc'es
among the robots, the goal and the obstacles are defined
and virtual forces resulting from the virtual impedances are
utilized in order to achieve coordinated control of the multiple
mobile robots. For manipulators, we proposed a vision-based
|. INTRODUCTION impedance control [10], [11] using virtual impedance, which

I MPEDANCE control is a method to regulate the mechar$an control virtual impedance between the end-effector and the

ical impedance of an end-effector of a robot manipulat&bjeCt in addition to the end-effector’'s impedance. Nakabo

in a desired value according to a given task. It can specif§: [12] have also proposed a concept of visual impedance and

the desirable response of the end-effector for an exteri§'e able to show that the movement of the end-effector can
force. Hogan [1] invented a method to control the end-effectBf Modified in real time (less than 1 ms sampling time) by
impedance of a manipulator based on the measured positidfind the visual impedance between the end-effector and the
velocity and force of the end-effector. Since then, many studigBi€ct. In these methods, however, the relative arm motion to
have been conducted, including realization techniques [2], (8¢ ©Piect is controlied for only by the objects approaching

and stability analysis for contact motion [4]. The impedand&® end-effector. . ,
control is one of the most important frameworks to control the I this paper, we apply the vision-based impedance control

interaction between the manipulators and the environment.l0 @ redundant manipulator and thus propose a noncontact

In some cases, however, the occurrence of an interactigipedance control which can utilize kinematic redundancy
force between a manipulator and its environment needs [{g3]- This method can control the virtual impedance between
be carefully considered. For example, when the end-effectgf object and multiple points set on the arm, including the
grasps a fragile object, the approaching velocity of the ene[ld—eﬁector, so that the virtual interaction between the whole

effector should be decreased before coming into contact witf™ @nd the environment can be considered. Additionally, we
the object in order to prevent a large impact force. Also idiscuss how the virtual impedance parameters can be designed

environments with obstacles, the interaction force betwelhconsideration to the overall control properties of the system.
the obstacle and the manipulator should be avoided. Under NS Paper is organized as follows: In Section Il, the
the conventional impedance control method, it is difficult tinPedance control of a manipulator is briefly explained, with

cope effectively with such situations, since no external for@ €mphasis on the utilization of redundant joint degrees of
is exerted until the end-effector makes contact with objectsfreedom; next, the noncontact impedance control is formulated

In other cases, vision-based control for robot manipulatofd @ redundant manipulator in Section lll; and in Sections IV

has been actively exploited in recent years [5]-[7], where tﬁé‘d V, computer simulation§ gnd _experiments are performed
robot is controlled according to the visual information on thi& Order to make clear the distinctive feature of the proposed

task space. Based on the framework of vision-based cont/@€thod.
Castano and Hutchinson [8] proposed the concept of visual
compliance. This method can constrain the end-effector motion

Index Terms—mpedance control, manipulators, motion-plan-
ning, redundancy, robot dynamics, robot vision systems.

Il. IMPEDANCE CONTROL
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where F,., € R is the external force exerted to the end- na
effector; # € R™ is the joint angle vectorpM(6) € R™*™
is the nonsingular inertia matrix (hereafter denoted Ady;
h(e,é) € ®™ is the nonlinear term including the joint torque
due to the centrifugal, Coriolis, gravity and friction forcess
™ is the joint torque vectorJ(#) € R*™ is the Jacobian
matrix (hereafter denoted h¥); and! is the dimension of the
task space. For a redundant manipulataris larger than.

The desired impedance of the end-effector is described by

M.dX + B.dX + K.dX = Foy 2) @)

End-effector

K, E M8, impedance

where M., B., K. € ®*! are the desired inertia, viscosity
and stiffness matrices of the end-effector, respectively; and
dX = X — X, € ® is the displacement vector between the

Virtual sphere i Object x,

current end-effector positioX and the desired one (namely, I O -
the equilibrium position of the end-effectad,. A e
In this paper, we adopt the impedance control law without

Virtual force

using an inverse of the Jacobian matrix presented in [2] 4 Py

T = Teffector + Tcomp 3
Tettector = —J T [My(){ M7 (K, dX + BodX +J6 — X,} | O |
I {I B Mx(e)Mgl}Fext] 4) E\llgcé) Schematic representation of the noncontact impedance control
Teomp = ()T 1(0, ) (5)

where M, (6) = (JM—le)—l e % is the operational such that7i.ine has no dynamic effect on the end-effector
space kir:etic energy matrix [14], [15] = NI M (6) e motion of the manipulator, and the end-effector impedance

>l is the generalized inverse of weighted by M~!; remains as the desired one given by (2).
Teflector € 7 IS the joint torque vector needed to produce
the desired end-effector impedandeis thel x I unit matrix; [1l. N ONCONTACT IMPEDANCE CONTROL

Teomp € N IS the joint torque vector for nonlinear compen- Fig. 1 shows a schematic representation of the noncontact
sation; anch(6,6), M are the estimated values bf6,¢) and impedance control. Let us consider the case where an object
M. It is assumed thab(6,6) = h(6,6), M = M, and the approaches a manipulator. In order to consider the interaction
joint configurationd is not in a singular posture. between the whole arm and the object without contact, a
Although the control law (3)—(5) or other impedance contrelumber of virtual spheres with radiu$” (i = 1,2,...,n) are
methods such as [1], [3] can be applied to control redundarsed, the center of each being located on a link or a joint of
manipulators, they cannot effectively utilize arm redundancghe manipulator as shown in Fig. 1(a). Then, when the object
In order to exploit the arm redundancy, an additional controllebmes into the interior of the virtual sphetehe normal vector
for a subtask needs to be incorporated into the end-effectasm the surface of the sphere to the object is given as
impedance control system in parallel [16], [17] ) ) L
dXO = X — p0g® (10)
T = Teffector T Tcomp + Tjoint (6) .
Tiome = —I'(M;df + B;df + K ;df) @) where X" = X, — X is the displacement vector from the

center of the spher& ) ¢ R to the objectX, € R'. Also,
where 7,0y € R™ is the additional joint control torque for the vectora® e %' is defined as
controlling the joint impedance);, B;, K; € R™*™ are e @
the desired joint inertia, viscosity and stiffness, respectively; G _ m (| g | #0) 11
anddé = 6 — 6, € R™ is the deviation vector between the “r= . ) (11)
joint angle @ and the equilibrium joint anglé,;. The matrix 0 (|X” | =0)
' € ™™ filters out the joint torque in such a way that

(9 idi (%)
the filtered joint torque has no effect on the end-effectdfee | X ’| denotes the Euclidian norm of”. When the

acceleration [14], [15] object is in the virtual spheréX "] is less than-(.
’ o Next, the virtual noncontact impedance is considered be-
F=1-JNH* (8) tween the object and the center of the virtual sphere, as shown

in Fig. 1(b), whereM{”, B, and K represent the virtual
inertia, viscosity and stiffness matrices associated withitine
virtual sphere, respectively. Using the noncontact impedance
and the displacement vecteréi), the virtual external force
J it = 0 (9) F e R exerted from the object to the center of the sphere

where (.J)* denotes the pseudoinverse.bf It can be easily
shown that the additional joint control torqug,,, satisfies
the following condition
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Fig. 2. A four-joint planar manipulator. Fig. 3. An example of a contact task.

is defined as the equilibrium position, was simply chosen at its initial posi-

F® tion, where the initial posture of the manipulator wi$) =
MPaxXD 4 BDax D 4 kDgxtd (|X,(,i)| < 7,(1‘)) [5.—%,— 5, —3]" rad. Also the desired jointimpedance in (7)

= {0 (|X7gi)| > 7’(i)). was chosen as/; = diag.[0.01,0.01,0.01,0.01] kgn¥, B; =

- (12) diag.[0.2,0.2,0.2,0.2] Nm/(rad/s), andK; = diag.[1,1,1,1]

N/rad, and the equilibrium joint anglé, as its initial value
It can readily be seen from (11) and (12) tHaf) becomes 6(0). The parameterr in (15) was« = 1 except for the
zero when the object is not in the virtual sphere or the objeg@mputer simulation shown in Fig. 11(b). The parameters
exists at the center of the sphere. included in the control law should be designed according to
The virtual external force defined above can be transforméie given task.

to the equivalent joint torqueéz)

7 = JOT O (13)

A. Application to Contact Task
‘ Let us consider a case where the manipulator collides
where J) denotes the Jacobian matrix associated with tl‘)ﬂth the environment (F|g 3) By using the conventional
center of theth virtual sphere. For the virtual sphetelefined impedance control only, an impact force arises [18]. Therefore,
at the end-effector, the virtual external foré&™ is directly the noncontact impedance between the end-effector and its
incorporated in the motion equation of the end-effector (2) environment is used to reduce the impact force.

M.dX + BodX + K.dX = Fope + Fo(")- (14) T.he characteristics of the environment are represented using

an impedance model such as

Consequently, by revising (6) the noncontact impedance con-

trol law is given as MyX + By X 4+ Ky(Xs — X) = Fext (16)
T = Teffoctor + Teomp + Tioint, + T(gn) where X represents the equilibrium position of the environ-
n—1 ment andM,,, B,, and K,, are the inertia, viscosity, and
+{(1 =)l +al'} Z 70 (15) stiffness of the environment, respectively. Note that, = 0
=1 when the end-effector is not in contact with the object. In this

where « is the parameter which can adjust the effect of th%rguf?t'o_n’g{[w‘: diag.[O,ON(;] kg, B, = ddiag'o[lo’hloo] '\;S/ m .
noncontact impedance to the end-effector motion. When ?hn bLf’ _t _ 12}g.[0i 13 O?O] trr:eare_ usFe_ ' gn the surface o
1, the virtual forceFo(Z)(z‘ =1,2,...,n—1) does not affect the € object Is located ajong axis (Fig. 3).

) Fig. 4 shows the simulation result of the contact task
end-effector motion. However, whem = 0, the end-effector . :
under the conventional impedance control, where: (a) the end-

motion is changed by the virtual external force applied to th ; BN ) S
whole arm as well as to the end-effector. In addition to the en%%fector trajectonyX (t) in the z-y plane, (b) the time histories

of the end-effector trajectory(¢), and (c) the interaction force

effector impedance control, the relative motion between tr};e () in the y directi . .
. . . . ¢ y direction are shown. The desired trajectory
manipulator and its environment can be considered througff‘
d

. . @) @) 76 (t) of the end-effector was determined by using the fifth-
Fhe virtual impedancell,”, B, K, using the noncontact order polynomial under the boundary conditions of
impedance control.

1+v2
IV. COMPUTER SIMULATIONS Xal0) = < 5 ’0'2> m
Computer simulations using a four-joint planar manipulator, 243
as shown in Fig. 2, were carried out. The parameters of each Xa(ty) = +r ,—02]|m
link of the manipulator were as follows: the length was 0.4 2
m, the mass 3.75 kg, the moment of inertia 0.8 kgrand X4(0) = (0,0) m/s
the center of mass of each link was at its middle point. The X
. . . d(tf) = (0,0) m/s
end-effector impedance of the manipulator was determined ..
as M, = diag.[1,1] kg, B. = diag.[20,20] Nm/s, K, —= Xa(0) = (0,0) m/s’
diag.[100, 100] N/m, and the desired end-effector position, i.e., Xa(tp) = (0,0) m/s®
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B,= diag.[10,10] Ns/m
rrrrrrr B = diag.{50,50] Ns/m
———— B,= diag {90,90] Ns/m
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Fig. 4. A simulation result of the contact task under the conventional ) ) )
impedance control. Fig. 6. Simulation results of the contact task under the NCIC. Three different
virtual viscosity matrices are used.

0.2

Virtual circle

- ——— K= diag. {100,100} N/m
rrrrrrr K= diag.[200,200) N/m
0 Tizzs ———— K,= diag.[300,300] N/m

0.5 0.6 0.7
x [m]

@

0.2

\_v,u)
0 \
-0.2
0 1

2
1[s]

P
=3

Fig. 7. Avoidance of an object using the NCIC.
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In Fig. 4, a large impact force is observed when the end-
s effector collides with the object. On the contrary, in Figs. 5
and 6, the end-effector slows down before contact, so that
() the impact force decreases considerably. It can be seen, then,
Fig. 5. Simulation results of the contact task under the NCIC. Three differefiiat the virtual external force acts to the end-effector in the
virtual stiffness matrices are used. direction of avoiding the collision with the object.

<

<

End-effector position, y(t) [m]
Interactive force, F, 4, [N]

wheret; = 2 s. The computation of the manipulator dynamB. Application to Object Avoidance
ics was performed by using Appel's method [19], and the Neyt |et us consider the manipulator close to a moving

sampling time for control was 1 ms. object. By using the conventional impedance control only,
By contrast, Figs.5 and 6 show the results under thge manipulator cannot take any action in avoiding the object
noncontact impedance control. The virtual circle with @.hout the interaction force
i (1) .
radius 7V = 0.3 m was used only for the end-effector ag an example of the noncontact impedance control, a
(n = 1), and the pointX, was determined on the surfacejya| circle was attached to the end-effector = 1) as

of the object in such a way thaiX, in (12) always ghown in Fig. 7. Time histories of the end-effector trajec-
becomes a normal vector to the object, so that is the tory z(¢) and the object trajectoryr,(t) in the « direc-

closest point on the surface of the object from the endzn are shown in Fig. 8, where the radius of the sphere
effect?lr). In Fig. 5, the virtual stiffness({"” was changed \was (1) — (.3 m. The virtual stiffness was changed as
as Ko = diag.[lOO, 100],diag.[200,200],diag.[300,300] K(gl) — diag'[o7 0]7(113%1[50750]7(113%'[1007 100] N/m with

i whereas constangl)inertia and viscosify;” = constant inertia and viscositp/{" = diag.[0.5,0.5] kg,
diag.[0.5,0.5] kg and Bs™ = diag.[10,10] Ns/m were p() _ 4jae[10,10] Ns/m. The object was oscillating in a
us(%d. Also in Fig. 6, the virtual viscosity was changed ggsine form for the period of 2 s and with the amplitude of
B;/ = diag.[10, 10], diag.[50, %?)],dl&g.[90,90] Ns/m with 0.3 m in the direction of; axis as shown in Fig. 8. When the
constant inertia and stiffnesl/,”’ = diag.[0.5,0.5] kg and distance between the end-effector and the object was more than
K& = diag.[0,0] N/m. (1), the end-effector did not move. However, when the object
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Fig. 10. A manipulator and virtual circles.

Fig. 8. Change of the end-effector trajectories for a moving object under

the NCIC. Object
0.4 t =3s t=2s t=1ls t=0s
0.3 E
—— = Orad] -
e q:=—% rad 0.2
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0.1 . Object
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x {m] ._E
Fig. 9. Control of the end-effector trajectories via the noncontact impedance >
matrices. 0.2
—t =S t=2s
came into the virtual circle, the end-effector was displaced in o TTrEls Tres
the direction opposite the object. As well, the trajectories of 02 0 2 m
the end-effector reflected the stiffness between the end-effector ®)
and the object.

After this, the noncontact impedance matricMél), B(()l)’ Fig. 11. Avoidance of an object using the NCIC.
K& were changed to be

M(gl) = 05R(Q0) kg Fou X,

(1) — + ax+
BO — 10R(¢) NS/m M"S2+B”-Y+KUI'+J—>|(M s2+B 5s+K )Il_ia
KM = 50R() N/m P, —

o

R(p) = <COS‘P —Shw)

sing  cosy
Fig. 12. The block diagram of the NCIC.
and the step response of the end-effector was examined,

where the object was located at a position with a distance

of 0.15 m apart from the initial position of the end-effector iRy in (15) wasa = 1 in Fig. 11(a) in order to utilize the arm
the direction of ther axis. According to the rotation matrix redundancy, whilex = 0 was used in Fig. 11(b). It can be
R(¢p), the direction of the virtual external force was rotatedeen from both figures that the manipulator moves without

with the angley in a counterclockwise direction. contact and that the parametercan specify the use of the
Fig. 9 shows the change of the step responses of the efgm redundancy.

effector with the angley. The response of the end-effector,
that is, the amplitude and the direction, can be controlled by
regulating the noncontact impedance matrices. C. Virtual Impedance Parameters
As another example of noncontact impedance control, eightas shown in Fig. 8, the dynamic response of the manip-
virtual circles were usegr = 8), as shown in Fig. 10, where yjator to the object’s motion is highly dependent on both
the centers of the circles were located at the middle point Me virtual impedance and the end_point impedance_ In this
each link and at each joint except for the first joint. subsection, we analyze the effect of the virtual impedance to
Fig. 11 shows the change of the arm posture for a movifige end-point dynamic response.
object. The radius of each circle w8 = 0.1 m, and the vir-  The block diagram of the system including the end-point
tual impedance ofs{? = diag.[2,2] kg, B = diag.[40,40] virtual impedance as shown in Fig. 8 is given in Fig. 12. The
Ns/m, andk(? = diag.[200, 200] were used. The parametemmotion equation of the end-point of the manipulator can be
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derived by substituting (12) into (14) as follows:

—_

.. . - _ — M, =diag{05.051kg -
MdX + BdX + KdX = F (17) E \\ Mgl ke S
:_0.9 3 S - M, =ding]15.151kg
F = Pyt + MO(XO - Xd - 7@) .§0-7 \?\% {
. . ) 5 AN
+ B, (X, — Xg—ra) é 05 L |
+ K (X, — X4 ra) (18) I T
3] [ =
0.3 : s .
whereM = M.+ MY, B = B.+BY andK = K. + K. o o5t a5 2
For simplicity, we assume that the vectoiis constant. This
gives Fig. 13. Change of the end-effector trajectories for the moving object, where
¢/ =1 andwj, = 10 rad/s(i = 1,2) were used.
X
5 ((3)) = (M52 + Bs+K)™ (M,s* + Bys+ K,)  (19)
o(s

where X (s), X,(s) denote the Laplace transform ¢f(t), stability of the system is determined by the sum of the virtual
X, (t), respectively. Therefore we can see that the dynanifgpedance and the end-point impedance described by (19).
response of the end-point is determined by the sum of theFor the jth diagonal element of the virtual inertia/S" is
virtual impedance and the end-point impedance. In Fig. 8, falso defined as

example, the case arlt = diag.[0, 0] N/m, indicated by the 1

solid line, resulted in an overdamped response. Therefore, the M,; = |4 |Mg1ax (28)
end-point followed the object going away from the end-point, r

so that the large overshoot was observed after the object went PR . . L
: Where M7 is the upper limit of the virtual inertia in
out of the virtual sphere. the corresponding degree of the freedom. When the object
The end-point impedance parametats., B., and K. P g deg : )

. X comes into contact with the surface of the virtual sphere, the
should be determined according to a task. Therefore, we N . ;

. . : . Vvirtual inertia is automatically set to be small. As the object
discuss how the virtual impedance parameters can be designe

; . . o aleroaches the end-point, the virtual inertia becomes larger.
with a consideration for the overall system characteristics Sing (26)—(28), we can control the dynamic response of the
mind (19). For simplicity, let us consider the following positive 9 ’ y P

. . . ) end-point to the object motion according to the object position,
definite matrices as the end-point impedance: . T
as well as by the given end-point impedance.

M. =TT"M.T (20) Fig. 13 shows examples of the simulation results using (26),
B. =TT B.T 1) (2?), and (28), where thg upper limit of the virtual inertia
M3 . were changed a8/ .. = 0.5,1.0,1.5 kg (j = 1,2).

_ T 17 max
Ke=1"K.T (22) as well, the constant damping ratio and the natural frequency

where T € R®*! is the nonsingular matrix, each column ofVere also useds” =1 andwy, = 10 rad/s(j = 1,2). Other
which corresponds to an eigenvector; and, B., K. € Rix! simulation conditions were the same as the ones used in Fig. 8.
i Ay es e

are the diagonal matrices, each diagonal element of whitipte that the matrix” is the unit matrix, since the given end-

is an eigenvalue of the corresponding impedance matricBQ,'nt impedance matrlce_s are dlagongl. _FTQ”‘ the_fl_gure,_ It can
be seen that the end-point returns to its initial position without

respectively. X o . .
For simplicity, we chose the following virtual impedancdVershooting, as specified by the damping ratio. The changes
matrices: of the virtual impedance parameters are also shown in Fig. 14,
) where the parameters are adaptively regulated according to the
MY =1TM,T (23) object motion.
BY =1"B,T (24)
KV =1TK,T. (25) V. EXPERIMENTS

The problem, then, is how to design the eigenvalues of tg\e

virtual impedance matrices. As an example, the eigenvalues Experimental Apparatus

of B, and K, are determined as follows: The experiment of the noncontact impedance control was
- o . . carried out using a direct-drive robot (a three-joint planar type,
Boj = 2w ¢! (Mej + Moj) — Be; (26) KOBELCO) and a PSD camera system to measure the position

Koj = (w}) (Mo + M) - K

o (27) of the object, as shown in Fig. 15. Table | shows the link

parameters of the robot. The task space was the horizontal
where B,;, K,; are thejth diagonal elements oB,, K,, plane; and an LED was attached at the tip of a stick in order
respectively; and’, w/ are the damping ratio and the nat{o represent the point object, where the measurement error was
ural frequency for the corresponding degree of the freedolass thant3 mm in the task space. The computation of the
respectively. It should be noted that it is not necessary for thentrol law was performed by using four CPU’s (Transputer,
eigenvalues defined as (26) and (27) to be positive, becauseB80, 25 MHz).
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Fig. 14. Time histories of the virtual impedance parameters.

PSD camera

LED
(object)

7
DD robot
Fig. 15. Experimental apparatus.
TABLE |
LINK PARAMETERS OF THE ROBOT
Link I | Link 2 [ Link3
Length (m) 0.25 025 | 0.125
Mass (kg) 20.8 13.2 8.84
Ceater of mass (m) 0.064 0.065| 0031
Moment of incrtia (kgm?) 0.334 0.196] 0.0851
Joint friction (Nms/rad) 2.69 1.88 0.0634

B. Robust Impedance Control

Fu(n)

Environment

¢><

Feedback
controlier

Nonlinear
compensator

Fig. 16. Robust impedance control of a direct-drive robot in the presence
of modeling error.

a robust impedance control, within the presence of modeling
errors, for the experiments using the direct-drive robot.

The impedance controller used in this experiment is divided
into two parts, as shown in Fig. 16: the impedance filter and
the robust position controller.

1) Impedance Filter:This part computes the ideal trajec-
tory of the end-effectorX,, from the measured external force
Fot, the computed virtual external fordéj(") and the desired
end-effector impedance, which must be satisfied to realize the
desired impedance

M.X,+B.X, +K.X, =V, (29)

Vi=Fo + F™ + M. X4+ B.Xq+ K. X4 (30)

where X, = [zL,22, ... 2|7, andV; = [v},03,... 0T €

R! denotes the modified total disturbance force. Since the
initial values of X,,, X,,, X,, are known and the desired end-
effector impedancé/., B., K. and the desired (equilibrium)
position X4, X4, X, are given,X, can be solved numerically
based on the measured and computed foicgs and Fo(")

in real time.

2) Robust Position Controller:Using the ideal trajectory
of the end-effectorX,, the state feedback controller is de-
signed. Transforming the motion equation (1) of the manipu-
lator into the task space, we have

My()X + 112(0,6) = F + Foyy (31)

where . (0,6) = (M~(0)JTM,)Th(0,0) — M,J6 € R,
and F' ¢ ®! is the equivalent end-effector force generated by
7. The end-effector control forcé’ is defined as follows:

F = M,(0)a* + jin(6,6) — Fuy (32)
a* =MV -M1B.X - M1K.X (33)
whereV = [v1,%, ... vY]¥ € R is the new input signal; and

Mm(e). and /i,.(6,6) are the estimated values 6f,(6) and
1(6,8), respectively.

If there is no modeling error in the robot dynamics, we
can easily obtain the ideal end-effector motion equation by
substituting (32) and (33) into (31):

MX+BX+KX=V (34)

The impedance control cannot regulate the end-effector
impedance perfectly without an accurate model of the robsjncej\?[x(e) = M,(0) and i, = p... Therefore, comparing
dynamics. Also, unexpected external disturbances are often €g#) with (29), we can see that the input sigrial should
plied to the robot, so that errors between the desired impedabee determined by, of (30). For a real robot, however,
and the realized one may arise. Therefore, we need to devellop modeling error such as uncertainties in the estimated
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parameters, that isp/,(6) # M,(6) and i # p., and 0
unexpected external disturbances always exists. As a result,
the errorE,, = [EL,E2,,...,EL]T € R from the ideal

motion equation (34) arises as

—— B =diag.[20,20 Ns/m
...... 8, =diag [100.100) Ns/m
\ - —— B =diag [200.200] Ns/m

o
=
0
£

End-effector
displacements, dy [m]

0.04 |\
M.X +B.X+K.X=V+E,,. (35)
0.06 .
Our goal is to find the control input in (33) in such a way 0 ! 2 3w ?
that the resulted end-effector motion equation (35) under the
control inputV reduces to (29). Kuo and Wang [20] proposed 0.01 Pp—m——
the robust position feedback control in the task space based E woos | #=diag [100,100] Nsim
on the following simple model of the error signal,,: o 77 B 00 R
» g 0 =
[En]® = Z by E,, )= (36) 3 0005
g=1 : -0.01
0 1 2

3 4
where[E,,|® denotes theth time derivative ofE,,. In this ol

paper, assuming = 1 and b, = 0 for simplicity, we adopt Fig- 17. Step responses of the end-effector under the NCIC.
this model and derive the following state equation from (29),

(35), and (36): Consequently the impedance control law derived in this

paper is summarized as follows:

Z=LZ+MS (37)
e=NZ (38) T = Tfeedback T Tcomp + Tadd (48)
Tfeedback — ]T(Mac (e)a* - Fext) (49)
whereZ = [e,¢,¢]t € ®¥ ande = X — X,.. Also, Teomp = L fia(8,0) + §(6) (50)
- n—1
S=Ey (39) Tadd = Tjoint + {(1 — Oé)I + OéF} Z T(gi). (51)
Ev=V -1V, (40) i=1
0 ! 0 3ixal Under the above control law, the resulted end-effector tra-
L= |0 0 I eR (41)

jectory X almost agrees with the ideal trajectory of the

-1 -1
0 -M7 K. —M~B. end-effectorX,, computed by the impedance filter, so that the

M= 0 Me_lT]T e R (42) desired end-effector impedance can be realized. In the exper-
N=[ 0 0]eR> (43) iment_s, the feedpack gaiff; = diag.[13.5,5.75,0.925] (¢ =
1,2) is used, which results in the pold§ = [—6,—6,—6]

wherel € R<! and0 € R<! denote the unit matrix and the (¢ = 1,2) of the closed loop system (37) with (44).

zero matrix, respectively. ]
For the state equations (37) and (38), we apply the stéte Experimental Results

feedback control The end-effector impedance parameters of the robot were:

M. = diag.[25,25] kg; B. = diag.[200,200] Ns/m; K. =
S=-KZ (44) diag.[400,400] N/m; and, the desired end-effector position

was chosen as its initial one. In the impedance control method

whereK = [K1, K, K] € R73 s the feedback gain matrix Proposed in this paper, it is necessary to measure the acceler-

which should be chosen in such a way t#ain (37) converges ations of the joint angles and the LED [see (7) and (12)]. For

to zero faster than the changef. If we choose the diagonal digital differentiation, the low-pass first-order differentiation

matrix for K; = diag.[k}, k2, ..., k] € R, ki > 0, we have filter 3/2 invented by Usui and Amidror [21] were used. For
the following equations from (39) and (44): second-order differentiation, the first-order filter was applied
twice in cascade. The sampling time for differentiation was 1

By = —Kje— Kyé — Ksé. (45) ms, while the one for control was 2.6 ms.

In Fig. 17, the virtual circle with its radius®) = 0.3 m
was used for the end-effectén = 1), and the step responses
of the end-effector were measured, where the object was
located at a position with a distance 0.2 m apart from the
initial position of the end-effector in the direction of the
V=E+Va (46) axis. The initial posture wa#(0) = [0.8,—1.02,—1.49]7
5 /t b — Ko — Kai. (47) rad. Fig. 17(a) shows the exp.erimc-?-ntgl results of the step

0 responses, where the virtual wscosﬁ%& was changed to

Therefore, we can compute the control inpatin (33) from
(40) and (45)
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02 ¢ LED Q1 =0s

y [m]

-0.3

0 0.2 04 0.6
Virtual circles x [m]

Fig. 18. The DD robot and the object. Fig. 21. The DD robot avoiding the object.

0.6 -

Nm/(rad/s), andi; = diag.[2.0,2.0,2.0] Nm/rad. If the joint

E s impedance (7) is not used, the arm posture does not return to
§§ S its initial posture after the object is removed. Using the joint
EE E?é 0 impedance and the parameterthe kinematic redundancy is
;ﬁé 03 effectively utilized in the framework of the NCIC.
s -§_0_6 Finally, Fig. 21 shows the end-effector trajectory(t)
3 4 o 1 2 3 4 for the moving objectX,(t), where the virtual sphere was
‘e el defined at the end-effector with the parametefS = 0.2
Fig. 19. Change of the arm posture under the NCIC withk= 0. m; Mél) = diag.[4,4] kg; Bgl) = diag.[80,80] Ns/m; and

KY = diag.[400, 400] N/m. The posture of the robot changes
according to the motion of the object.

g —d &)
5% 005t dy 2
g4 =3 VI. CONCLUSION
?2 25 . .
2 3 00s ] This paper has proposed the noncontact impedance control
g 5 method which can control the virtual impedance between
01 N s . e s s the manipulator and the environment in addition to the end-
tls] tist effector impedance. This method uses the virtual interaction
Fig. 20. Change of the arm posture under the NCIC with: 1. force in order to express the relationship between the ma-

nipulator and the environment without contact, as a result,

W _ _ _ the dynamics of the relative motion of the manipulator to
Bs = diag.[20,20], diag.[100, 100], diag.[200,200] NS/m the object can be regulated. The validity and feasibility of
with constant inertia and stiffness/" = diag.[4,4] kg, the method were confirmed through computer simulation and
KV = diag.[400,400] N/m. Also in Fig. 17(b), the error robot experiments.
ey(t) between the measured trajectaky and the ideal end-  Generally speaking, there are many difficulties with vision-
effector trajectoryX,, computed from (29) and (30) are showrbased robot control in three-dimensional (3-D) space, includ-
corresponding to viscositBél). The step responses of the ending measurements of the 3-D position of objects with occlusion
effector changed depending @, while the control errors and computational delay of the control system due to the
were almost constant and less than 0.004 m. video rate sampling. In the proposed method, however, visual

After this, the response of the arm for an object close to tfiigformation on the task space is required only for the interior
second joint was examined. The virtual circles were set at tAkthe virtual sphere. Therefore, instead of using a visual sensor
second joint and the end-effector with a raditi¥ = 0.3 m like a camera system, 3-D position sensors such as a magnetic
and #® = 0.1 m, as shown in Fig. 18. The initial posturese€nsor and an ultrasonic sensor can be used. Also, if the object
6(0) = [-0.56,1.45, —1.43]7 rad was used as its equilibrium,is occluded by other objects, the virtual impedance should be
that is,84(t) = 6(0). The object was located at a position witet to the occluding object.
a distance 0.2 m apart from the initial end-effector position This method includes a number of parameters such as: the
in the direction of they axis att = 0 s and was removed location and the size of the virtual sphere; the joint and virtual
att = 2 s. Figs. 19 and 20 show the results undee= 0 impedance matrices; and, the parameiefor the use of the
anda = 1 [see (15)], respectively, where (a) represents ttm redundancy. Future research will be directed by how the
end-effector displacements and (b) the joint displacemen@@rameters can be determined according to the given task and
Also, the virtual impedance parametefg(") = diag.[4,4] itS environment.
kg; BSY = diag.[80,80] Ns/m; KV = diag.[400,400] N/m,
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